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ABSTRACT
Different studies have reported a power-law mass-size relation M ∝ Rq for ensem-
bles of molecular clouds. In the case of nearby clouds, the index of the power-law q is
close to 2. However, for clouds spread all over the Galaxy, indexes larger than 2 are
reported. We show that indexes larger than 2 could be the result of line-of-sight super-
position of emission that does not belong to the cloud itself. We found that a random
factor of gas contamination, between 0.001% and 10% of the line-of-sight, allows to
reproduce the mass-size relation with q ∼ 2.2− 2.3 observed in Galactic CO surveys.
Furthermore, for dense cores within a single cloud, or molecular clouds within a single
galaxy, we argue that, even in these cases, there is observational and theoretical evi-
dence that some degree of superposition may be occurring. However, additional effects
may be present in each case, and are briefly discussed. We also argue that defining
the fractal dimension of clouds via the mass-size relation is not adequate, since the
mass is not necessarily a proxy to the area, and the size reported in M −R relations
is typically obtained from the square root of the area, rather than from an estimation
of the size independent from the area. Finally, we argue that the statistical analysis
of finding clouds satisfying the Larson’s relations does not mean that each individual
cloud is in virial equilibrium.
Key words: turbulence – stars: formation – ISM: clouds – ISM: kinematics and
dynamics – galaxies: star formation.
1 INTRODUCTION
Nearly 40 years ago, Larson (1981) found, for an ensemble
of clouds, three empirical relationships between their ba-
sic properties: (a) a power-law scaling between size R and
the velocity dispersion σv, R ∝ σ1/2v ; (b) an approximate
equipartition between their kinetic and gravitational ener-
gies, implying that clouds are gravitationally bound, and
(c) a power-law scaling between the density n and size, n ∝
R−p. The first relation has been traditionally interpreted
as evidence of compressible turbulence (e.g., Ballesteros-
Paredes et al. 2007, and references therein). However, as it
has been possible to get measurements of such properties
in regions with larger column density environments, it has
been found that there is not a single velocity dispersion-
size relationship with a clear exponent, but a scatter plot
? E-mail: j.ballesteros@irya.unam.mx (JBP)
(Ballesteros-Paredes et al. 2011a, 2018). This fact has been
interpreted by these authors as evidence of gravity driving
the kinetic motions in molecular clouds (MCs). These re-
sults, furthermore, agree with the second relation: if gravity
drives the kinetic motions, it is natural to expect MCs to fol-
low the second relation, i.e., to be in nearly energy equiparti-
tion1 (Hartmann et al. 2001; Va´zquez-Semadeni et al. 2007).
The third relation implies that the column density N =
n R of a set of clouds with a wide variety of masses, sizes
and evolutionary states, is nearly constant. It also implies a
mass-size correlation of the form
M ∼ n R3 ∝ Rq, (1)
1 Energy equipartition has also been interpreted as virial equilib-
rium. However, there are serious differences between one concept
and the other as discussed by Ballesteros-Paredes (2006).
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with q = 3 − p. At face value, Larson’s data imply q = 1.9.
Using the best estimations of mass available provided by ex-
tinction maps, Lombardi et al. (2010) found one of the more
tight correlations in astronomy ever reported: M ∝ R2, but
studies using CO data systematically estimate larger slopes.
For instance, Roman-Duval et al. (e.g., 2010) found values
of q ∼ 2.2 for first quadrant clouds, while Miville-Descheˆnes
et al. (2017), found q ∼ 2.36, using the data from the Dame
et al. (2001) survey of the whole Galaxy. All these stud-
ies also show substantially more scatter than the extinc-
tion studies. However, the differences between the results
using dust extinction and CO data are significant. In the
present work we focus on the origin of the multi-cloud mass-
size relation, in an attempt to explain such differences. We
will discuss the origin of the correlation, and the discrep-
ancy between those using extinction data for nearby clouds,
and the results using CO data for clouds spread all around
the Galaxy. In §2 we discuss why a slope of q = 2 in the
mass-size relation should be expected for clouds that do not
overlap, and why superposition effects should increase this
slope. In §3 we propose a simple model in which some ar-
bitrary amount of gas in the line of sight of the observed
cloud can change the slope of the mass-size relation, and
show that indeed, a random fraction between 10−4 and 0.1
of the mass in the line of sight may produce a mass-size re-
lation with slope of q ∼ 2.3. In §4, we discuss our results,
and argue what happens either in the case of cores in single
clouds, and clouds in single galaxies We also call into ques-
tion whether the mass-size relationship should be used for
computing the fractal dimension of cores. Finally, in §5 we
provide our conclusions.
2 THE UNDERLYING PHYSICS IN THE
MASS-SIZE RELATION
By defining clouds as connected sets of pixels above a partic-
ular column density threshold2, the average column density
for a molecular clouds necessarily close to the value of the
threshold, just because the vast majority of points in each
cloud is close to that value. This point was noticed first by
Ballesteros-Paredes & Mac Low (2002), using numerical sim-
ulations of molecular clouds, and discussed in more detail
from an analytic perspective by Ballesteros-Paredes et al.
(2012) and Beaumont et al. (2012). This is illustrated in the
left-lower panel of Fig. 1, where we represent schematically
the column density probability distribution function (N -
PDF) of three different clouds using lognormal functions3
(red, cyan and yellow dotted lines). If we define the vertical
double dot-dashed line in this figure as the column density
threshold to define a cloud, we notice that, for each one of the
three clouds, the mean column density above that thresh-
old will be close to the threshold itself, since the few larger
column density voxels will not contribute substantially to
the average. This condition is satisfied in general terms by
Galactic MCs: the N -PDFs of MCs decrease rapidly with
2 Molecular gas is dissociated at column densities below N ∼
1021cm−2 (see, e.g., Hartmann et al. 2001).
3 For clarity, we used lognormal functions to illustrate this point.
However, the explanation does not depend on the actual shape of
the N -PDF, but on the fact that the N -PDF decreases rapidly.
column density, with exponents typically steeper than −1.5
(see, e.g., Kainulainen et al. 2009), regardless of whether the
shape of the N -PDF is a lognormal, or power-law4. Thus,
the expected mass-size relation of a cloud ensemble defined
by a single column density threshold and which have steep
N -PDFs is precisely M ∝ R2.
Moreover, if we could measure volume densities and de-
fine them as connected voxels above some volume density,
the result will be M ∝ R3 (see Ballesteros-Paredes & Mac
Low 2002; Ballesteros-Paredes et al. 2012) because the fill-
ing factor of the dense structures is small . In other words,
the relation M ∝ R2 is real in the sense that it is an ob-
servational result not limited by the dynamical range of the
observations (e.g., Lombardi et al. 2010). However, it does
not represent any fundamental physical or structural state of
clouds, but instead is the natural consequence of two facts:
how we define an ensemble of clouds with a single column
density threshold, and the fact that the filling factor of the
density decreases rapidly as density increases, which is trans-
lated into very steep N -PDF.
In comparison with the extinction measurements, CO
surveys exhibit larger scatter. But on top of that scatter,
they exhibit systematically values of q larger than 2, and
thus, the natural question is why do larger clouds exhibit
larger mean column densities than smaller clouds, when ob-
served with CO? Should there be a single exponent? Are we
missing some fundamental physical property of the clouds
related to CO emission?
To answer these questions, we first note that an impor-
tant difference between the extinction analysis by Lombardi
et al. (2010) and the CO surveys as those from Roman-Duval
et al. (2010) or Miville-Descheˆnes et al. (2017) is that the ex-
tinction analysis shows data for nearby MCs (basically, dis-
tances smaller than ∼600 pc), while the CO data compiles
cloud data from the whole Galaxy. The point is relevant be-
cause, as shown by Miville-Descheˆnes et al. (2017, see their
Fig. 24, upper panel), there is a clear observational bias: as
we observe more distant molecular clouds, we also observe
larger clouds. This means that we are not able to split up
far-away clouds into smaller clouds because of lack of reso-
lution, as has been noted by Miville-Descheˆnes et al. (2017).
But it also means that, either the lack of resolution, or the
increase of distance, could be playing a role in increasing the
mean density of clouds.
At first glance, the lower resolution for farther away
clouds alone should not be the cause of a systematically
increasing column density. Imagine again that we have the
same three clouds as before, each one with its own N -PDF
(see Fig. 1, upper left panel, for a schematic view of the
situation). Let us assume that each cloud has its ownN -PDF
(lower-left panel, red, cyan and orange histograms). Let us
now put them at a distance such that we cannot distinguish
them as individual entities, but as a single, big cloud (green
4 It should also be stressed that, although there is some agree-
ment that the N -PDF of MCs are either lognormal at low-column
densities, and power-law at larger, the lognormality at low-column
densities has been called into question by Alves et al. (2017), who
argue that the N -PDF stops increasing when one goes from large
to small column densities once one starts considering areas that
are not fully sampled, i.e., for the incompleteness of maps, when
accounting for non-closed contours in column density maps.
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Figure 1. Upper left panel: a schematic view of three unaligned molecular clouds, which are seen as one molecular complex due to
resolution limitations. Lower left panel: the resulting N -PDF (green histogram), which is just the addition of the individual N -PDFs
(red, blue, and orange lines). The vertical dash-double dotted line represents a threshold assumed to define clouds. Right panels: Same
as left, except that the three individual clouds are now aligned along the line of sight. The purple histogram in the lower right panel is
the N -PDF from the superposition of the individual N -PDFs.
contour). Let us assume also that they do not overlap each
other. If this large complex is resolved, the resulting N -PDF
will be just the addition of the individual N -PDFs (green
line in the lower-left panel of Fig. 1). This addition does
not move the resulting N -PDF horizontally, but vertically,
and thus, the mean column density will also be close to the
chosen column density threshold (dashed line).
Increasing the distance to the observed clouds may, in-
stead, have another effect: it increases the probability of hav-
ing overlap of different clouds in the same line of sight. Such
overlap may increase the mean column density. To show this
effect, we now assume that our three clouds considered be-
fore overlap each other (see upper right panel in Fig. 1), in
an arbitrary way. The resulting N -PDF is shifted towards
column density values substantially larger than the original
N -PDFs (purple line in the lower-right panel of Fig. 1). If
we adopt the same column density threshold used before to
define clouds, we will notice that the cloud resulting from
this superposition will have a substantially larger mean col-
umn density than the three individual clouds. In fact, for
the values represented in the left panels of Fig. 1, the three
clouds, and the “no-superposition” (green cloud) cloud will
have a mean column density of 2×1021 cm−2, while the cloud
resulting from the superposition (purple cloud in the right
panels of Fig. 1) will have a mean column density around
3.5× 1021 cm−2, i.e., a mean column density close to the
maximum of its N -PDF.
Even if we define clouds as CO peaks having a well-
defined position-position-velocity values, observations are
not exempt of some degree of line-of-sight superposition.
It can be expected, thus, that the farther away a cloud is,
and/or the larger the cloud is, the more likely superposition
can occur. If furthermore, CO surveys use constant intensity
thresholds to find clouds (e.g., Roman-Duval et al. 2010;
Miville-Descheˆnes et al. 2017), it is likely that the situation
illustrated in the right panels of Fig. 1 may be occurring.
In the next section we explore this possibility, and quantify
whether superposition of CO emission in the line of sight can
account for increasing the exponent in the mass-size relation
from q = 2 to q ∼ 2.2− 2.4.
3 SUPERPOSITION OF CLOUDS WHEN
USING CO SURVEYS
Let us consider that, on average, the extinction of the inter-
stellar medium of our Galaxy increases at a rate5 of ∼1.6
mag kpc−1 (e.g., Binney & Merrifield 1998), i.e.,
dN
dx
∼ 1021cm−2 kpc−1 (2)
5 We checked the validity of this value by using the average ex-
tinction vs. distance tabulation of Chen et al. (2013) from which
we obtained a linear increase of ∼ 1.5 mag kpc−1.
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(with x the distance in the line of sight), which corresponds
to a mass column density variation of
dΣ
dx
∼ 10− 20 M pc−2 kpc−1, (3)
depending on whether the column is mostly atomic, with
mean atomic weight of µ = 1.27, or molecular (µ = 2.36, us-
ing Solar abundances in both cases). When observing molec-
ular clouds in CO emission, smaller clouds in front or behind
the main cloud, at similar velocity, will not be distinguished
from the big cloud. In fact, this effect could be actually quite
important if our Milky Way has substantial amount of small
clouds in the inter-arm region, as has been estimated by
Koda et al. (2016).
It is evident that only a fraction of the mass in the line
of sight will be in the form of CO, and also only a fraction
of that CO will be at the right velocities. Thus, assuming
eq. (3) as a reasonable average in the Galaxy, the total mass
computed for the observed cloud should be
M =
(
Σth + f x
dΣ
dx
)
R2 (4)
where the first term within parenthesis is the mass surface
density of the cloud if there were no LOS superposition, and
the second term is the fraction f of the actual mass surface
density xdΣ/dx that is in the same line of sight, that is in
molecular form and has the same velocity of the cloud, and
thus, that will be computed as part of the cloud.
As discussed by Miville-Descheˆnes et al. (2017), the fi-
nite angular resolution and sensitivity of the data translates
into a linear size-distance correlation, which we write as:
R ' γ x. (5)
where γ is a scale factor to be derived from the observational
data (see below). This allows us to rewrite eq. (4) as:
M =
(
Σth +
f
γ
dΣ
dx
R
)
R2 (6)
Following Miville-Descheˆnes et al. (2017), we can esti-
mate either Σth and γ. In the first case, the authors use a
threshold of WCO = 0.8 K km sec
−1 (see their section 2.4.2).
This is translated into a column density of Σth ∼ 3.5M
pc−2. In the second case, we estimate γ from their Fig. 24a,
by noticing that the bisectrix6 to the R − D data goes
through a point at (D = 1 kpc, R ∼ 4.7 pc), with a log-
arithmic scatter of 0.278 dex. Thus, we assume γ ∼ 4.7
pc/kpc.
Taking dΣ/dx from eq. (3), we plot in Fig. 2 the
mass-size relation as given by eq. (6) in the ranges R ∈
(5×10−2, 500) pc, M ∈ (10−1, 109) M, substantially larger
than the typical ranges for which the mass-size relation is
typically reported for Galactic studies. It is clear from this
plot that, for the fiducial parameters in eq. (6), the models
show a transition between the slope of 2 and 3 at scales be-
tween a fraction of a parsec and ∼100 pc, the typical scales
6 Since these data points are not available online, we did not
computed a formal fit.
Figure 2. Mass-size relation from eq. (6). From bottom to top, we
show 6 models with f ∈ (0.01, 1), equally spaced in logarithm of
f . Additionally, for reference we show with black solid lines the
mass-size relation with exponents q = 2 and 3. (See electronic
version for a color version of this figure).
of MCs. It is straightforward to calculate the transition ra-
dius between the quadratic and cubic behavior of eq. (6) is
given by:
Rtrans ∼ γ
f
Σth
dΣ/dx
= 1.65
1
f
pc (7)
This transition radius means that, for values of f ∈
(10−3, 1), the transition between the quadratic and cubic
behaviour occurs at scales of MC or even GMCs. However,
one should not expect f to be unique for all clouds.
In Fig. 3 we present models with f = 0.001 (upper left
panel), f = 0.01 (upper right), f = 0.1 (lower left) and f = 1
(lower right), assuming the fiducial values for eq. (6), but
spreading out randomly the obtained mass within a factor
of 10. This allow us to account for possible uncertainties
in the determination of mass and the distance to the cloud
(and thus, its actual size). For reference, we show the power-
laws with exponents of 2 and 3 (blue dashed lines) as well
as a power-law with exponent 2.3 (red solid line), the value
frequently quoted in the literature for the mass-size relation.
Although at first glance Fig. 3 reproduces qualitatively
the behavior of the observational data, we can clearly notice
that the trends are curved, according to eq. (7): for f = 1,
10−1, 10−2 and 10−3, Rtrans ∼ 1.65 pc, 16.5 pc, 165 pc and
1,650 pc, respectively.
It should be noted, however, that such curved feature
does not appear in the published mass-size relations. In or-
der to sort this concern out, two aspects should be noticed.
First f represents the amount of additional mass that one
will compute that does not belong to a cloud, but it is as-
signed to it because it is at the same velocity. This value is
fixed in each panel of Fig. 3, but there is no reason for it
to be so. Second, it should also be noticed that the range
of masses and sizes in Fig. 2 and 3 is actually larger than
the range of sizes and masses in CO surveys (e.g., Roman-
Duval et al. 2010; Miville-Descheˆnes et al. 2017). Conse-
quently, in Fig. 4, we plot the mass-size relation, where
we have spread out uniformly (in log f) the value of f , in
MNRAS 000, 1–9 (2019)
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Figure 3. Mass-size relation according to eq. (6), using the value
of f as indicated in each panel, and spreading out the mass by
a factor of 10. The transition between the quadratic and cubic
regime is still noticeable.
Figure 4. Mass-size relation for eq. (6) using random values of
f between 10−3 and 10−1 chosen uniformly in log-space, and
spreading out the mass by a factor of 10. We also have limited
the dynamical range to that of Miville-Descheˆnes et al. (2017).
The transition between the quadratic and cubic regime has disap-
peared, and the tendency of the data exhibits a slope of q ∼ 2.36.
the range f ∈ (10−3, 10−1), and we have limited the mass
and size ranges to the values presented in the literature,
i.e., M ∈ (10, 107) M and R ∈ (0.05, 500) pc (Miville-
Descheˆnes et al. 2017). As before, the blue dashed lines rep-
resent the mass-size relations with exponents q = 2, 3, and
the red solid line q = 2.3. It becomes clear now that the
trend and scatter are similar to that found in CO surveys.
4 DISCUSSION AND IMPLICATIONS
Before discussing the implications and extensions of our re-
sult, it should be noted that, since the introduction, we
have quoted systematically Roman-Duval et al. (2010) and
Miville-Descheˆnes et al. (2017) as the works on reporting the
mass-size relationship for MCs on Galactic scale, reporting
a power-law exponent of q > 2, specifically, q = 2.2−2.36. It
is important to note, however, that although it is not shown
a mass-size relation, the work by Solomon et al. (1987) also
studied clouds on Galactic scale. This is quoted as one of the
first studies that reports a very clear velocity dispersion-
size power-law relation (σv ∝ R1/2), and in which clouds
are in near virial equilibrium. Implicitly, thus, it has been
frequently assumed that the clouds in this survey exhibit
nearly constant column density (see, e.g., Scalo 1990; Heyer
et al. 2009; Faesi et al. 2018), and thus, a mass-size relation-
ship of with q ∼ 2. However, considering that the CO lu-
minosity is proportional to the luminous mass of the cloud,
when the CO luminosity-size relationship is plotted for the
Solomon et al. (1987) data, a clear mass-size power-law re-
lationship emerges, with a slope of ∼ 2.5 (see, e.g., Fig. 3
in Bolatto et al. 2008). Thus, strictly speaking, the work by
Solomon et al. (1987) has no constant column density, but
instead, is consistent with the works by Roman-Duval et al.
(2010) and Miville-Descheˆnes et al. (2017), showing q > 2.
As a corollary, let us say finally that, rather than a constant
virial parameter, the results from Solomon et al. (1987) im-
ply that αvir ∝ M−0.2, or equivalently, αvir ∝ R−1/2, more
consistently with typical estimations of the energy budget
of clouds (e.g., Bertoldi & McKee 1992; Kauffmann et al.
2013).
The model presented in the previous sections indicates
that the mass-size relationships with slope steeper than 2 for
MCs observed in CO through the whole Galaxy are likely
the result of superposition of clouds in the line of sight.
One of the hypothesis used to obtain this result is that
there is a fraction f of molecular gas in the line of sight of
the cloud that does not correspond to the cloud itself, but
that will contribute to the emission at the velocities of the
cloud. We found that a varying factor between 0.01% and
10% of the mass along the line of sight may explain the value
of q ∼ 2.36 (see Fig. 4).
Mass-size power-law relationships with exponents larger
than 2 imply that larger GMCs should have larger mean col-
umn densities. For the particular case of the observations of
clouds in the Milky Way, this means that farther away clouds
should have larger mean column densities. This could be a
reasonable result if we naively consider that the properties of
GMCs may depend on their position in their host galaxy, as
found by Colombo et al. (2014). However, such dependency
is not arbitrary, but it is intimately related to the inner
structure of the host galaxy, not on the distance to a partic-
ular point on the galaxy, as it is the case of the observations
of clouds in the Milky Way. As commented before, Galactic
clouds show a dependency of the column density with the
distance to the Sun, regardless the particular environment
in which the cloud could be. A similar result is found by
Roman-Duval et al. (2010). And since there is no physical
reason for which MCs at increasingly distances from the Sun
should have increasingly larger column densities, superposi-
tion effects seem a plausible explanation.
Our explanation for the mass-size relations found with
slopes larger than 2 still faces a challenge: different studies
of (a) cores in single clouds, (b) trunks, branches and leaves
within a single cloud, and (c) clouds in a single external
galaxy, does not necessarily exhibit a mass-size relationship
with q ∼ 2, though they are basically at the same distance
from us. In the next sections we will discuss these issues.
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4.1 Mass-size relation for dense cores withing
single clouds
Different studies of the structure of a single molecular clouds
in our Galaxy shows that their cores do not necessarily
exhibit a mass-size relation with exponent q = 2 (e.g.,
Williams et al. 1994; Loren 1989; Elmegreen & Falgarone
1996; Johnstone et al. 2000; Lada et al. 2008; Roma´n-Zu´n˜iga
et al. 2010; Kainulainen et al. 2011; Ko¨nyves et al. 2015;
Kirk et al. 2017; Veltchev et al. 2018). Belonging to the
same cloud, the argument that the farther away, the larger
probability of superposition in the LOS does not work.
There are several reasons why this variety of results can
be obtained for dense cores within a single cloud:
(i) When in some way, a single volume density threshold
can be used to find cores, the slope of the mass-size relation
is closer to q = 3 (e.g., Kainulainen et al. 2011).
(ii) When multi-threshold methods are used, but still the
reported mass-size relation is that of the cores without inner
substructure, there is not necessarily a single slope, as it may
be the case of the algorithms getsources, gaussclumps, or the
leaves in dendrograms (e.g., Ko¨nyves et al. 2015; Kirk et al.
2017; Veltchev et al. 2018; Sanhueza et al. 2019).
(iii) While the expected value of q for clumpfinding meth-
ods that use column density thresholds is 2 (Lombardi et al.
2010; Ballesteros-Paredes et al. 2012; Beaumont et al. 2012),
note that even for this method in some cases the slope found
is larger (e.g., Williams et al. 1994; Johnstone et al. 2000;
Lada et al. 2008; Roma´n-Zu´n˜iga et al. 2010). In principle,
larger powers for the mass-size power-law relation could
still be the result of superposition, as theoretical and ob-
servational work has suggested. In the former group, for
instance, Ballesteros-Paredes & Mac Low (2002), Gammie
et al. (2003) and Shetty et al. (2010) analyse the velocity
structure of cores in simulations of MCs, finding that indeed,
the velocity structure of what will be observed as cores is the
result of the actual velocity structure of the physical core,
plus some superpositon of line of sight material that does not
belong to the core itself. Even the fibers, which are carefully
defined as elongated position- and velocity-coherent struc-
tures (Hacar et al. 2013), seem to be the result of line of
sight superposition (Zamora-Avile´s et al. 2017; Clarke et al.
2018). And the larger the core in a cloud appears in obser-
vational data, the larger the probability that its emission is
the result of line of sight superposition of material in the line
of sight. If this occurs, then it will not be strange that the
mass-size relation has a slope larger than q > 2. From the
observational perspective, in their study of the Pipe Nebula,
Frau et al. (2015) used a 13CO map by Onishi et al. (1999)
to present evidence of some degree of overlap along the line
of sight for some cores.
In summary, there are several possibilities that could
give rise to a larger slope in the mass-size relation for cores
in a single cloud, including line of sight superposition. A
detailed study on the different clumpfinding methods used,
and slopes obtained, will be presented elsewhere (Roma´n-
Zu´n˜iga & Ballesteros-Paredes 2019, in preparation).
A final word of caution should be given: it is impor-
tant to clarify that what we intend to discuss in the present
subsection is the mass-size relationship for multiple cores in
a single cloud. It should not be confused with the single-
cloud mass-size relationship (e.g., Lombardi et al. 2010;
Kauffmann et al. 2010a,b), where the inner substructures
at different levels of the hierarchy are not necessarily dense
cores. In this case, the slope of the mass-size relationship is
necessarily q 6 2 and it depends directly on the slope of the
column density PDF of the cloud, as has been discussed by
Ballesteros-Paredes et al. (2012).
4.2 The extragalactic mass-size relation
Clouds in a single external galaxy are also basically at the
same distance from us, and thus, they lack the distance effect
previously discussed. If such clouds are thresholded at the
same column density, we expect them to exhibit a mass-size
power-law relation with exponent q ∼ 2 (provided that their
column density PDF decays rapidly). This result is indeed,
found by Faesi et al. (2018) and Hughes et al. (2013). The
first authors analyze in great detail molecular clouds in the
galaxy NGC 300 at resolution of ∼ 10 pc. The second one
made a detailed comparison between the data set of three
galaxies, M51, M33 and the LMC. For each of these galaxies,
these authors argue that, due to limited resolution and sen-
sitivity, their correlations between luminosity and size can
be an artifact. In Hughe’s et al. words, “GMCs in each panel
typically lie close to the surface brightness sensitivity lim-
its of each survey”, supporting the idea that clouds, when
chosen by sensitivity thresholds, will appear to have simi-
lar column densities (Ballesteros-Paredes & Mac Low 2002;
Ballesteros-Paredes et al. 2012; Beaumont et al. 2012).
The situation for extragalactic studies, however, is not
that straightforward. For instance, Bolatto et al. (2008) re-
ports a slope of ∼ 2.5 for their sample, while the work by
Hughes et al. (2013) quoted above exhibits substantial scat-
ter, depending on how the clouds are considered, if as large
complexes, or decomposed into individual structures. Such
scatter for each individual galaxy resembles somehow the
case of M51 alone studied by Colombo et al. (2014): when
all clouds of M51 are included, there is a poor correlation
coefficient.
Colombo et al. (2014), furthermore, found important
differences between the variety of environments in the same
galaxy. For the spiral arms, these authors found a mass-
size relation with q ∼ 2.4, for the inner galaxy, q ∼ 2, and
for the inter-arm region, even flatter, q ∼ 1.5. The origin
of such differences, as the authors acknowledge, is likely to
be the different CO emission properties within the different
M51 environments, as well as geometry effects and filling
factors. The clouds in the extragalactic studies have resolu-
tions of > 30 pc (only Faesi et al. 2018, reaches resolutions
of ∼ 10 pc), while the local GMCs in the Milky Way are
already of such sizes (10–50 pc), and thus, superposition
effects between separated clouds are likely ocurring. Thus,
better studies with improved resolution are needed to un-
derstand the nature of the scaling in extragalactic studies,
and compare it with the results of the Milky Way.
A crucial point that remains to be understood is the
fact that, on average, GMC properties (mass, size, luminos-
ity, velocity dispersion) in a set of local galaxies are simi-
lar than those properties of Galactic clouds (Bolatto et al.
2008). In particular, this implies that the mass-size relation-
ship for those galaxies has a power-law exponent of q ∼ 2.5,
since the comparison that Bolatto et al. (2008) made is with
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Solomon et al. (1987, see §4 above). Such a result is ap-
parently in disagreement with the results by Hughes et al.
(2013), Faesi et al. (2018) (q ∼ 2) and Colombo et al. (2014)
(poor correlations, dependency on the environment) quoted
above. A close inspection of Bolatto et al. (2008)’s Fig. 3
shows, however, that only the LMC exhibits clearly a slope
consistent with q ∼ 2.5, but that, individually, the few data
points for every other galaxy in the Bolatto et al. (2008)’s
sample, exhibit a quite flat mass-size relationship. What ap-
pears to be occurring in this case is that, individually, there
are not enough statistics in the Bolatto et al. (2008) sam-
ple to construct a mass-size relationship for each galaxy, as
could be the case of Hughes et al. (2013) and Colombo et al.
(2014). However, when Bolatto et al. (2008) consider the
mass-size relationship for the whole set of galaxies together,
the mean column density of the clouds in larger galaxies
tends to be larger. This is consistent with the scenario where
clouds in different galaxies are also under different galactic
environments (galactic potential, galactic pressure, etc), in
agreement with the result by Colombo et al. (2014).
We cannot discard the idea that different environments
can produce clouds with different mean column densities.
For instance, a deeper potential might produce larger col-
umn density clouds. However, what is important for our
discussion is that one can also expect that different envi-
ronments could be more prone to superposition effects. For
instance, clouds in the arms could have substantially more
overlapping effects than clouds in the inter-arm regions, ex-
plaining thus the differences in the mass-size relationships
for different regions found by Colombo et al. (2014). Their
results, furthermore, impose a cautionary warning for the
study of the mass-size relationship of our own Galaxy: if
we are unable to distinguish whether an observed Galactic
cloud is in one or another environment, we might be pro-
ducing a mass-size relationship that arises from clouds in
different physical environments.
It is convenient to stress that, although Colombo et al.
(2014) made an effort to avoid line blending in their cloud
decomposition, the situation can be quite complex, since
even at the smallest scales, where coherent structures can
be found (i.e., cores, fibers), substantial superposition along
the line of sight can occur (Ballesteros-Paredes & Mac Low
2002; Gammie et al. 2003; Shetty et al. 2010; Zamora-Avile´s
et al. 2017; Clarke et al. 2018).
The situation for clouds in external galaxies might de-
serve a full further study, since the resolution is substantially
different in external Galaxies (typically, 30–50 pc, see, e.g.,
Utomo et al. 2018; Sun et al. 2018), with only one study
(Faesi et al. 2018) achieving resolutions of ∼ 10 pc. A first
puzzling challenge is to understand, for instance, the origin
of mass-size relation with q < 2 in the inter-arm region of
M51, since q = 2 is the limit when clouds are defined via
thresholds in column density.
4.3 Fractal dimension?
Different studies have interpreted the exponent of the power-
law mass-size relation as representative of the fractal dimen-
sion (e.g., Elmegreen & Falgarone 1996; Roman-Duval et al.
2010; Beattie et al. 2019). This approach has two hypothe-
ses: first, that the mass can be a proxy for the area. Second,
that the linear size is related also to the area in a quadratic
way, since in the observational studies, the size is typically
considered to be proportional to the square root of the area
of the cloud.
In principle, the first hypothesis seems plausible: ob-
served molecular clouds exhibit rapidly decaying N -PDFs
(Kainulainen et al. 2009). The same is found for molecular
clouds in numerical simulations (e.g., Va´zquez-Semadeni &
Garc´ıa 2001; Ballesteros-Paredes et al. 2011b; Kritsuk et al.
2011; Tassis et al. 2010). This means that the filling factor
of the dense structures is quite small, which in turn, implies
that the mass should be proportional to the area.
However, for a collection of Galactic clouds, the super-
position effects we discussed are not compatible with invok-
ing mass as a proxy for the area. As shown in the present
work, the same fact that the exponent in the mass-size rela-
tion is larger than 2 means that the mass is not proportional
to the area. In addition invoking the square root of the area
as a proxy for the linear size does not tells us what will be
the linear size-area correlation, which is precisely what is in-
tended to be measured with the fractal dimension. A more
appropriate estimation of the fractal dimension will be that
of comparing the actual area of an ensemble of clouds, with
an independent estimation of their linear size, e.g., its maxi-
mum extension. Surprisingly, there is no work in the field of
molecular clouds for which the fractal dimension has been
calculated by computing the area, rather than mass, and a
linear size measurement independent to the area.
Finally, it is interesting to note that the expected value
for the fractal dimension of clouds is between 2 and 3. There-
fore, the slope of the mass-size relation for CO clouds and
cores, which is likely contaminated by superposition effects,
matches somehow the expected value for the fractal dimen-
sion of molecular clouds, though it is not the actual fractal
dimension. This is probably the reason the estimations of
the fractal dimension via the mass-size relation have been
assumed to be correct.
4.4 The meaning of the mass size relationship
As we have discussed throughout the manuscript, once the
density PDF of molecular clouds is steep enough, the re-
sulting slope of the mass-size relation for an ensemble of
clouds depends directly on the definition of clouds. If col-
umn density thresholds are used and no superposition effects
are present, the slope is around 2. If instead, larger clouds
exhibit larger superposition effects, one can expect slopes
larger than 2. Furthermore, if volume density thresholds are
used, the slope is 3. If instead, different thresholds are imple-
mented, there is not unique answer. If larger superposition
effects occur for bigger regions, the slope can be larger than
2, even if column density thresholds are used. Therefore,
finding a mass-size relationship with q ∼ 2, does not mean
that the result has implications on the dynamical state of
molecular clouds. Instead, the result depends primarily on
how clouds are defined. Moreover, a slope of 2 does not mean
that the column density of the sample is constant. In fact,
it is interesting to notice that the data shown by Faesi et al.
(2018) has a spread over more than one order of magnitude
in column density (see their Fig. 13), although the authors
argue that the column density is constant.
Finally, the common argument in the literature that
clouds following Larson relations with exponents 1/2 and
MNRAS 000, 1–9 (2019)
8 J. Ballesteros-Paredes et al.
2 for the velocity dispersion-size and mass-size relations,
respectively, implies that clouds are in virial equilibrium,
seems not to be appropriate. In order to determine whether
a single cloud is actually in virial equilibrium or not, should
require a careful analysis of the cloud itself. In fact, by using
different thresholds, the mass-size relationships of a single
cloud has necessarily a power-index smaller than 2 (Kauff-
mann et al. 2010a,b; Lombardi et al. 2010, see Ballesteros-
Paredes et al. 2012 for an explanation). If one thinks that
the velocity-size relationship with power-index of 1/2 holds
for that cloud, then it will not be in virial equilibrium.
5 CONCLUSIONS
In the present contribution we have discussed the mass-size
relation, M ∝ rq, for an ensemble of molecular clouds. We
show that the difference between the extinction studies for
nearby clouds, which show a tight power-law correlation
with exponent q = 2, and studies of Galactic clouds ob-
served in CO, showing 2 < q < 3 with a substantial scatter,
is due to superposition of CO emission in the line of sight of
far away clouds.
We arrive to this conclusion by noticing that the farther
away the clouds are, the larger their mean column densities.
Since the physics of the clouds all around the Galaxy should
be, on average, similar, there is not an intrinsic (i.e., physi-
cal) reason why distant molecular clouds should have larger
column densities. We have estimated that a random fraction
of gas in the line of sight oscillating between 0.001% and 10%
can explain the exponent of q ∼ 2.3 found in observational
Galactic surveys.
In the case of dense cores within a single cloud, we sug-
gest a couple of possibilities that could be playing a role:
First of all, the method and threshold used to find clouds
could play a role in the obtained mass-size relation. Second,
superposition effects are still more likely to occur for larger
cores than for smaller cores, artificially increasing the mass
of the observed core.
For the extragalactic case, we noticed that still, some
results appear to be consistent with the idea of the threshold
defining a mass-size relationship with slope of 2. However,
there is strong scatter in the data, and in reality, it is hard
to argue in favour of a single mass-size relationship. Envi-
ronmental differences can play a role in changing the slope
of the mass-size relationship (e.g., Colombo et al. 2014), a
result consistent with our idea of superposition as the re-
sponsible for increasing the slope: clouds in the arms, with
larger slopes in their mass-size relationship, should be more
prone to line-of-sight superposition than clouds in the inter-
arm region, with flatter mass-size relationships.
We have argued also that the mass-size relation should
NOT be used as equivalent to the fractal dimension, since
the mass is not proportional to the area, and the typical
size used in those relations is a linear size independent of
the area. Finally, we have argued that the statistical anal-
ysis of finding clouds satisfying the Larson’s relations does
not mean that each individual cloud is in virial equilibrium.
In order to understand the dynamical state of a cloud it
is necessary to understand in detail the actual structure of
every single cloud.
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